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Overview

1.1 Introduction

NASA’s Science Mission Directorate (SMD) periodically conducts comparative reviews of Mission
Operations and Data Analysis (MO&DA) programs to maximize the scientific return from these
programs within finite resources. The acronym MO&DA encompasses operating missions, data
analysis from current and past missions, and supporting science data processing and archive centers.
NASA uses the findings from these comparative reviews to define an implementation strategy and
give programmatic direction and budgetary guidelines to the missions and projects concerned for the
next 5 fiscal years (matching the Federal government’s budget planning cycle).

Additionally, from the NASA Authorization Act of 2005 (Public Law 109-155), Section 304(a): “The
Administrator shall carry out biennial reviews within each of the Science divisions to assess the cost
and benefits of extending the date of the termination of data collection for those missions that have
exceeded their planned mission lifetime.”

The 2013 Heliophysics MO&DA review, referred to as the Senior Review, was conducted in March
through June of 2013. The Senior Review considered the comparative scientific merit of the various
flight programs comprising the Heliophysics System Observatory (HSO) along with the data analysis
and archiving programs. The review compared expected scientific returns and contributions to the
system observatory relative to program costs under the pressure of reduced resources for the
MOG&DA program. A set of findings consistent with the 2010 SMD Science Plan and 2012 Decadal
Strategy for Solar and Space Physics was developed by the Senior Review panel to help prioritize the
resources of the MO&DA program for FY14 and FY15 along with forward-looking findings for FY16-18.
This report presents the findings of the 2013 Senior Review.

1.2 Missions Considered

The Senior Review of the Heliophysics MO&DA program considered the fourteen missions listed in
Table 1-1. Of these missions, only the Interstellar Boundary Explorer (IBEX) is undergoing its first Senior
Review.

At the time of the 2010 Senior Review, the THEMIS mission had bifurcated into the Time History of
Events and Macroscale Interactions during Substorms (THEMIS) and the Acceleration, Reconection,
Turbulence and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) (relocating two of
the THEMIS spacecraft to lunar orbit). All five spacecraft of the original THEMIS mission are considered
as a single mission for the 2013 Senior Review, even though two remain in lunar orbit. The THEMIS
extended mission proposal utilizes the two spacecraft in lunar orbit to achieve the science goals of the
THEMIS extended mission and no longer distinguishes an ARTEMIS project.
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Table 1-1. Missions considered by the 2013 Senior Review of the Heliophysics MO&DA program.

Mission Program Launch Date Age (years) Mission Stage
ACE MIDEX 27 Aug 1997 15.8 Extended
AIM SMEX 25 Apr 2007 6.1 Extended
CINDI MoO 16 Apr 2008 5.1 Extended
Cluster ESA/NASA 16 Jul 2000 12.9 Extended
Hinode JAXA/NASA 23 Sep 2006 6.7 Extended
IBEX SMEX 19 Oct 2008 4.6 1% Review
RHESSI SMEX 5 Feb 2002 11.3 Extended
SOHO ESA/NASA 5 Dec 1995 17.5 Extended
STEREO STP 25 Oct 2006 6.6 Extended
THEMIS MIDEX 17 Feb 2007 6.3 Extended
TIMED STP 7 Dec 2001 115 Extended
TWINS MoO 13 Mar 2008 5.2 Extended
Voyager Voyager 20 Aug 1977 35.7 Extended

Wind ISTP 1 Nov 1994 18.6 Extended

1.3 Instructions to Senior Review Panel

1.3.1 Review Guidelines

The Senior Review panel was instructed by NASA Headquarters (HQ) to conduct the review in the
following manner:

1. Inthe context of the research objectives and focus areas described in the SMD Science Plan, rank
the scientific merits on the expected returns from the projects reviewed during the period FY14
through FY18. The scientific merits include relevance to the research objectives and focus areas,
scientific impact, and promise of future scientific impact, as well as contributing to the system
science of heliophysics. It is understood that predicting the science productivity of a mission over
such a long period is speculative, but missions are asked to assume the status quo operationally;
hence, the need for Prioritized Science Goals (PSGs) in the proposal should future mission operations
diminish scientific return relative to the status quo.

2. Assess the cost efficiency, data availability and usability, and the vitality of the mission’s science
team as secondary evaluation criteria.

3. From the assessments above, provide findings on an implementation strategy for the MO&DA
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portfolio for FY14 through FY18, based on the Extension Paradigm (described in the 2012 call for
extended mission proposals), which could be one of the following:

* Continuation of projects as currently baselined;
¢ Continuation of projects with either enhancements or reductions to the current baseline;
* Project termination.

4. Provide an overall assessment of the strength and ability of the MO&DA portfolio to meet the
expectations of the HSO from FY14 through FY18, as represented in the 2010 SMD Science Plan and
in the context of the recent Heliophysics decadal survey.

The panel was not asked to evaluate or assess the current utility of real-time data for operational
or commercial users. However, the relevance of ongoing or new science investigations that may
transition from research to operation in the future is within the purview of the Senior Review.

1.3.2 Evaluation Criteria

The Mission Extension Paradigm gives priority to maintaining understanding of the instrument
performance, monitoring progress toward accomplishing the objectives of science observations, and
involving the science community in formulating the mission observing program to make the best
scientific use of NASA’s missions.

Extended mission proposals were required to discuss the mission’s potential for advancing the state of
the art of the science during the FY14 to FY18 timeframe in each of the following areas, which constitute
criteria for continuation of an extended mission:

* Relevance to the stated Heliophysics research objectives and focus areas, both as individual missions
with unique capabilities, and contributions to system science as a part of the ensemble which
constitutes the HSO [Prime];

* Spacecraft and instrument health and safety [Prime];

* Productivity and vitality of the science team (e.g., published research, training younger scientists,
etc.), as well as maintaining the continuity of the expertise in the calibration, validation, and
archiving of individual instrument data sets [Secondary];

* Promise of future impact and productivity (due to uniqueness of orbit and location, solar cycle
phase, etc.) [Prime];

* Impact of scientific results as evidenced by citations, press releases, etc. [Prime]; and

* Broad accessibility and usability of the data, with a self-assessment of the utility of the data
produced both as a unique mission, and contribution to system science as a member of the HSO
[Prime].

Items marked as Secondary are secondary evaluation criteria after scientific merit (of Prime
importance).

1.3.3 Methodology of the Senior Review Panel

Elements of the Senior Review began in November 2012 when the HQ Program Office issued a call
for Extended Mission Proposals from the 14 missions under review at this time. Two documents, the
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SMD Science Plan and the 2012 National Academy of Science’s Heliophysics decadal report, “Solar and
Space Physics: A Science for a Technological Society,” were cited as important resources in guiding the
science strategy of extended missions. Both documents incorporate the HSO as an integral element of
the strategic implementation of the Heliophysics science discipline. The Senior Review panel was
instructed to use both documents in evaluating extended mission proposals.

The proposals contained a science and science implementation section, technical and budget
sections, a mission archive plan, and an intended E/PO Plan. The Senior Review panel was instructed at
the Panel meeting not to include E/PO considerations or related review material in its mission review.

Each extended mission proposal was also required to include a budget on a standard spreadsheet,
with a “five-way breakdown” of the budget and a budget “guideline” provided by the MO&DA Program
Office for each project. Labor, major equipment, and other expenses for the in-guideline budget were to
be explained in sufficient detail to determine the incremental cost of each proposed task. Projects were
also directed to separate the costs of obtaining, validating, calibrating, and archiving data from costs of
completing scientific investigations with the data obtained.

Projects were advised that if the current budget guideline is insufficient, the project should identify
the impact of the current budget on the mission, with emphasis on the science content. If the current
budget guideline for the project for any of the years is zero, and it is proposed to carry on the
investigations during that year, then the project was advised by the extended mission proposal
guidelines to propose a minimum scenario to keep the mission viable. By identifying such a minimum
acceptable funding level, the project is indicating that any lower funding level is untenable, and that the
project should be terminated rather than be funded at a sub-minimal level. Three extended mission
proposals contained over-guide budgets. These budget guidelines from the MO&DA Office for extended
mission proposals informed the Senior Review’s evaluations of those projects.

NASA HQ invited 13 members of the scientific community with expertise in solar, heliospheric, and
geospace science to serve as the Senior Review panel. The extended mission proposals were available
for review by panel members on March 12, and a lead reviewer for each proposal was as assigned at
that time. The Senior Review panel met in person on April 23-26 in Washington, D.C., with all members
present. During the Panel meeting, each mission made an oral presentation followed by an opportunity
for the panel members to ask questions of clarification. Aaron Roberts presented an assessment of the
Legacy Archive Plan for each mission to the Panel. The E/PO activities were evaluated separately by
qualified reviewers; however, the summary E/PO report originally scheduled to be presented to the
panel by C. Runyon was canceled because the MO&DA Program Office was directed to eliminate E/PO
funds for each project, making the E/PO plan irrelevant at that time. The Panel assessed the scientific
merit of each mission and considered the comparative costs. Teleconferences were held on May 22 and
June 5 to finalize the panel findings and to review and refine this report.

2 Senior Review Panel Findings

2.1 Overview of Findings

For the 2010 Senior Review, mission teams were instructed to present budgets for only “minimal
science” (i.e., no detailed analysis, data fitting, modeling, or interpretation). Second, the 2010 Senior
Review panel was informed of the need to cut the prospective MO&DA “minimal science” budget from
$59.5M to $S54.7M in FY11 and from $57.9M to $S51.8M in FY12. The need for these reductions led the
Panel to undertake a line-by-line review of each mission’s proposed budget, looking for instances where

13 June 2013



funding could be cut. This process necessarily involved the Panel’s best judgments—generally on an
instrument-by-instrument basis—as to the level of funding necessary for “minimal science.”

For the 2013 Senior Review, the FY14 MO&DA budget for extended missions was set at $49.5M in
February 2013 (sum total in-guide budget). However, by April 2013 the final budget for Heliophysics
MO&DA was still uncertain at the time of the Panel meeting due to the federal budget sequestration
that had been set in motion in March. The 2013 Senior Review did not follow the line-by-line budget
review process of the 2010 Senior Review, in part because it became apparent in the mission
presentations that projects used different methods for accumulating costs in “Science Operations
Functions” and “Science Data Analysis/Guest Observer Funding,” which made uniform budget
comparisons well-nigh impossible (cf. Sec. 2.5.2, Senior Review Process finding on “five-way” Budget
Breakdown for Science).

All but three extended missions—the Coupled lon-Neutral Dynamics Investigations (CINDI), Cluster,
and the Solar and Heliospheric Observatory (SOHO)—exactly met the guideline budget provided by the
MO&DA Program Office. Two missions—Hinode and the Solar Terrestrial Relations Observatory
(STEREO)—that did meet the budget guidelines have significantly higher costs than any of the other
missions. It is the opinion of the Panel that neither the submitted material nor the presentations
provided sufficient budget justification for the Panel to reach a definitive determination of cost-to-
scientific-value ratio for these missions.

The Panel commends NASA, in partnership with the Heliophysics community, for steadily eliminating
missions that are obsolete, superseded by newer missions, or are not sufficiently functional to merit
continuation. In line with these principles, the Panel finds that two older missions in this Senior Review
(Cluster and SOHO) have a cost-to-scientific-value ratio that does not warrant continuation, at least not
at the budgeted costs presented in the extended mission proposals.

The Senior Review panel would like to emphasize that it does not automatically consider mature
missions—those well into their extended phase, with large datasets already in hand—as easy targets for
cuts. Discoveries are not confined to the “prime phase” of missions: long-timescale phenomena can be
illuminated only through long-baseline observations and changing orbits can open new regions for
exploration. Voyager is especially noteworthy in this regard. Thus, the Senior Review panel found that
the missions currently comprising the HSO are largely complementary, because each mission possesses
unique instrumentation and/or orbit. Such a constellation of missions, decades in the making, is
essential for measuring and understanding the immense range of scales and physical processes inherent
to the heliosphere.

2.2 Implications for Heliophysics System Science

The next few years will be particularly illuminating for the Heliophysics Division’s objective of
“understanding the connected Sun-Earth System,” as well as the Sun’s impact on more distant regions of
the Heliosphere, where robotic and human explorers may go in the future. With the HSO we can
observe the Sun and its impacts on the heliosphere, geospace, and planetary magnetospheres as the
unusual maximum of Solar Cycle 24 unfolds.

We will see how the heliosphere responds, from the upper boundary of Earth’s atmosphere to the
edge of interstellar space. This period is an unprecedented opportunity for fundamental discoveries that
will point the way for space science in the 21% century. Taking advantage of this opportunity necessarily
requires sampling this vast region of space at multiple locations and with an array of sensitive, robust
instruments measuring a broad spectrum of physical quantities. The HSO, the product of careful

13 June 2013



planning, many years of effort, and billions of dollars in investment, is poised to make these
breakthroughs.

Pursuing the full complement of opportunities for new system science nevertheless poses some risk
for new mission-specific science. In a zero-sum funding environment for the Heliophysics Division, the
benefits of an expanding HSO are realized at the peril of new mission opportunities. The Senior Review
panel remained cognizant of this issue in its deliberations, while recognizing that much of the innovative
science emerging from the Heliophysics Guest Investigator (Gl), Supporting Research and Technology
(SR&T), Theory, and Living with a Star (LWS)/Targeted Research and Technology (TR&T) programs is
made possible by HSO datasets. The 2013 Senior Review panel believes that it is essential for NASA, in
consultation with the Heliophysics community, to regularly examine the larger question of the
budgetary balance between MO&DA (including extended missions), new missions, and system-science
data analysis.

2.3 Broader Relevance within the Science Mission Directorate

The 2013 Senior Review revealed abundant evidence that Heliophysics extended missions are
providing scientific value well beyond the realm of heliophysics. Measurements from the current
constellation of extended missions support not only Heliophysics science objectives and the overarching
goals of the SMD but also specific goals of the other three divisions within SMD.

Heliophysics extended missions focusing on the physics and chemistry of the upper atmosphere—
Aeronomy of Ice in the Mesosphere (AIM) and the Thermosphere, lonosphere, Mesosphere Energetics
and Dynamics (TIMED)—are resolving the solar-terrestrial impacts on Earth’s climate, which are larger
than hitherto thought. The measurements provide a means of determining the impacts of energetic
solar particles on the chemistry of the mesosphere and lower thermosphere, which affect stratospheric
ozone and the circulation of the lower atmosphere. These results offer new insights into the sources of
change in the Earth system, a primary science theme of NASA’s Earth Science Division.

As the Voyager and IBEX extended missions explore the structure of the outer heliosphere and its
boundary with the interstellar medium, their measurements are also characterizing properties of the
local interstellar wind and its interaction with the heliosphere. IBEX measurements provided the first
direct observations of interstellar hydrogen (H), oxygen (O), and neon (Ne), determined the motion of
the Sun relative to the interstellar medium and yielded the unexpected discovery of a ribbon of
Energetic Neutral Atom (ENA) emissions from an as yet unknown source. Voyager 1 is the most distant
man-made object from Earth. It is expected to operate at least through 2020 and will provide
humankind’s first in situ measurements of the interstellar medium. The IBEX and Voyager extended
missions are clearly on the leading edge of the SMD’s “great journey of discovery.”

The gamma ray bursts recorded by the Reuven Ramaty High Energy Solar Spectroscope Imager
(RHESSI) and the Wind satellite provide comparison data for Astrophysics missions, with the Konus
observations on Wind significantly enhancing the events collected by Swift, Fermi, and the Inter-
Planetary Network (IPN). STEREO’s detection of nanoparticles is of fundamental importance for
astrophysical research, and its measurements are providing new understanding of the growth and
destruction of dust in the inner heliosphere and its internal evolution, as well as optical properties. The
Advanced Composition Explorer (ACE) observations have identified hot massive stars and their
superbubbles as a class of astrophysical objects in which cosmic rays originate. NASA’s Fermi large-area
telescope now presents compelling evidence of freshly accelerated cosmic rays within the Cygnus-X
superbubble, supporting ACE results. These discoveries by Heliophysics extended missions are helping
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us understand how the universe works, an overarching goal of the Astrophysics Division.

Measurements of the escape of atmospheric particles into interplanetary space facilitate
understanding of the processes that control the rates of atmospheric loss and the importance of a
planetary magnetic field in protecting the planet’s atmosphere from the solar wind. Cluster satellite
measurements have quantified mass-resolved ion escape rates from Earth. Comparative interactions of
the solar wind with all the terrestrial planets, and with particular emphasis on atmospheric losses, is
relevant to NASA’s Planetary Science Division’s goal to determine the characteristics of the solar system
that lead to habitable environments. The Cluster measurements provide a quantitative benchmark for
the Division’s upcoming Mars Atmosphere and Volatile Evolution (MAVEN) mission, which will study ion
and neutral losses from Mars and test whether these rates change during disturbances in solar activity
and the solar wind.

Many of the Heliophysics extended missions have provided fundamental knowledge of the
ubiquitous magnetic reconnection process that occurs in magnetized plasmas. Reconnection is invoked
in theoretical models of astrophysical phenomena such as star-accretion disk interaction, pulsar wind
acceleration, the heating of stellar coronas and the acceleration of stellar winds, and the acceleration of
ultra-high-energy cosmic rays in active galactic nuclei (AGN) jets. Heliophysics missions provide the only
means of directly measuring rates and properties of magnetic reconnection in stellar atmospheres
(STEREO, Hinode, and ACE), in stellar ejecta and winds (ACE and Wind), and in planetary
magnetospheres (Cluster, IBEX, and THEMIS).

2.4 Mission Grades

The comparative evaluation of the fourteen extended mission proposals has been summarized in
two broad categories: 1) their overall scientific merit, and 2) their contribution to the HSO goals as
described in the Recommended Roadmap for Science and Technology 2009-2030 (pages 46-49). Each
proposal was graded by each individual panel member, reflecting upon the charge of Section 1.3, on a
score from 1 to 10, using the following scale:

¢ 10-8 Future contributions promise to be compelling;
e 7-4 Future contributions are rated excellent, but less compelling;
¢ 3-0 Future contributions appear to be relatively modest.

The merged results of the scoring by the panel members are given graphically in Figure 2-1 for the
first category, overall scientific merit, and in Figure 2-2 for the second category, Value to the HSO. To
assess the degree of agreement among panelists, the standard deviation (STD) of the rank also is shown.
Figure 2-2 makes clear that the panel found that all of the missions reviewed could be expected to make
excellent contributions to the Heliophysics/SMD enterprise.
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Figure 2-1. Senior Review panel rank of the overall scientific merit of the proposed extended
missions
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Figure 2-2. Senior Review panel rank of each mission’s Value to the Heliophysics System Observatory
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2.5 Major Findings

2.5.1 Mission-Specific Findings

The Senior Review panel developed the following specific findings concerning eight of the 14
extended missions evaluated by the Panel.

ACE and Wind

ACE and Wind are two well-instrumented satellites orbiting the L1 Lagrange point about 1.5 million
km from Earth along the Sun-Earth line. Considering the limited resources available for supporting
multiple, excellent heliospheric research missions, the Senior Review carefully evaluated the need for
two missions at this one location. The Panel finds that both ACE and Wind continue to demonstrate
their value through recent scientific accomplishments and have completed work enabling vital
community science through the preparation and dissemination of their respective data streams.
Furthermore, each mission has identified excellent future science opportunities. It is clear to the Panel
that these missions conduct complementary research and are vital assets of the HSO. Wind hosts
instrumentation making important measurements of kinetic process in the solar wind, and ACE is
making crucial measurements of galactic cosmic rays over a broad range of elements, isotopes, ionic
species, and energies. Furthermore, both missions can contribute to multipoint solar wind observations.

Cluster

The Senior Review panel finds that the Cluster extended mission proposal has notably worthy goals,
but the failure of key instruments calls into question the ability of the mission to achieve its highest-
priority goals. The fact that the ion Retarding Potential Analyzer (RPA)/Composition and Distribution
Function (CODIF) instrument is operating on only one of four spacecraft means that four-point
measurements of ion distributions, which have been a hallmark of Cluster science, cannot be realized in
the proposed studies of ion-scale physics. The panel finds that the proposed level of funding in the
extended mission is high given this reduced functionality. The objective to investigate the
spatiotemporal properties of waves at mid-latitudes in the inner magnetosphere (with C3 and C4 at
small separations), and their relation to observations of radiation belt particles and waves in conjunction
with the Van Allen Probes, is achievable with the Wide Band Data (WBD) and (Research with Adaptive
Particle Imaging Detectors (RAPID) Imaging Energetic particle Spectrometer (IES) instruments which are
working on all spacecraft. Assuming the European Space Agency (ESA) continues to support Cluster
operations beyond the current agreement with NASA extending through 2014, in the current reduced
funding environment for MO&DA the panel recommends continued funding only for the U.S. Principal
Investigator (PI)-led WBD instrument in the extended mission.

Hinode and STEREO

The Senior Review panel notes that the costs of the Hinode and STEREO extended missions are
higher than all other missions. The panel found the submitted material and presentations to provide
insufficient justification for the respective budget costs. This lack of information is a defect which
increases the difficulty of making a fair and appropriate determination of scientific value of the
proposals in light of cost, as well as a summary determination of the position of ranking within the
review process. However, the presentation for STEREO included the information that about 40% of the
budget was for scientific research and analysis, which is high when compared to other missions. In
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addition, the Hinode budget appears especially high to the Panel considering that international partners
share most of the spacecraft operations and also share the responsibility, costs, and access to the
instruments. The Panel recommends that the MO&DA office review the Hinode and STEREO proposed
extended mission budgets and explore efficiencies.

SOHO

The Senior Review panel recognizes that the Large Angle and Spectrometric Coronagraph (LASCO)
observations are operationally useful for the National Space Weather program, but it finds that the
SOHO extended mission proposal does not provide sufficient justification for the high cost of operating
the spacecraft relative to the proposed science return. Many of the proposed science goals can be
accomplished using existing SOHO data and do not necessitate the new observations from the SOHO
spacecraft. Some data (e.g., solar wind measurements) can be provided by instruments on other
spacecraft. The proposed cross calibrations between the Solar Wind Anisotropies (SWAN) and the
Probing of Hermean By Ultraviolet Spectroscopy (PHEBUS), and the Charge, Element, and Isotope
Analysis System (CELIAS)/Solar EUV Monitor (SEM) and the Solar Dynamics Observatory (SDO)/Extreme
Ultraviolet Variability Experiment (EVE) can be completed within the remaining (already funded) 1-year
period.

The panel notes that this 2013 Senior Review recommendation is in agreement with the previous
(2010) Senior Review, which recommended "...that SOHO be eliminated from the Heliophysics System
Observatory starting in either 2013 or 2014.”

Voyager
1. Voyager data availability

The Voyager spacecraft continue to make groundbreaking discoveries in the outer heliosphere at its
interface with interstellar space. The unique nature of the Voyager measurements, from a region that is
unlikely to be explored again for many decades, means that it is critical that the data be provided to the
scientific community in a timely and useable manner. These data represent a unique scientific legacy for
all humanity.

The Panel welcomed efforts by most teams to distribute data; however, while acknowledging
challenges in calibrating these data, the Panel is concerned with the slow and patchy distribution of
measurements by the magnetometer, and with data recorded several years ago still not available. The
Panel is also concerned with plans to distribute only averaged data products; the non-reproducible
nature of Voyager data means that all measurements must be made available for future analysis, which
might even use methods not yet imagined.

The Panel urges NASA to work with the Voyager project and the Magnetometer (MAG) team so that:

¢ Science quality, calibrated MAG data of at least 48s average cadence be made freely available
within 6 months of their receipt on the ground;

¢ Data that are published in scientific papers by the Voyager project be made freely available in
calibrated form simultaneously with the publication of those papers; and

¢ Aplan be developed to allow the routine public archiving of all returned data, in a Level-0 form,
along with adequate documentation and, potentially, with software, to allow for calibration and
analysis of the data after the end of the mission.
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Given the critical and unique nature of these measurements, this effort should be a high priority.
The Panel was surprised to find that similar findings from previous senior reviews have not yet been
addressed.

2. The Deep Space Network (DSN)

The DSN provides 6—8 hours of downlink time per spacecraft per day for the Voyager Interstellar
Mission (VIM). Because VIM does not store data onboard, this means large data gaps exist. The
Voyagers have discovered boundaries of the heliosphere—e.g., the termination shock and “Heliocliff”—
that are remarkably thin. The heliopause, perhaps the next boundary to be sampled, may also be thin. A
lack of data during this, or any other, boundary crossing would be extremely unfortunate and would give
an incomplete picture. The Senior Review panel finds it imperative that the downlink time allotted for
VIM from the DSN not be reduced.

The Senior Review panel is concerned that key personnel on the VIM science team have retired
and have not been replaced. The Senior Review panel finds it critical for the continued success of the
VIM that there be an efficient continuity of mission operations and production of usable data for the
scientific community.

THEMIS

1. The THEMIS extended mission concept to achieve cross-scale science goals is an innovative and
exciting idea that the Senior Review enthusiastically supports. The proposed alignment of the three
THEMIS inner probes with the Magnetospheric Multiscale (MMS) constellation to form a nested
tetrahedron would enhance MMS science and provide magnetohydrodynamic (MHD)-scale context
for MMS microscale measurements. This Prioritized Science Goal 1 of the new extended mission
would enable true HSO studies using the Van Allen Probes, MMS, THEMIS (including the former
Artemis pair in lunar orbit) and Wind/ACE. Reconfiguration of THEMIS spacecraft requires practically
immediate planning to be successful, and the Panel encourages the THEMIS team to work with
NASA and upcoming future missions to find a means of implementing it.

2. The Senior Review applauds the THEMIS team’s exemplary science data plan, development of a
community-wide data analysis suite that allows multiple missions and instrument teams to easily
develop “plug in” components, providing community-wide training workshops to use the software,
and for providing high quality data repositories with the necessary documentation and analysis tools
for broad community use.

2.5.2 Findings on Program Process

Senior Review Process

A rigorous Senior Review process requires good preparation before the Panel meets in person and
efficient organization and time management during the meeting. The Panel must read and understand
the various reports (14 in this round), listen to presentations from each of the missions, prepare
summaries for each of the mission proposals, develop, discuss, write, and vote on major findings, rank
the missions, and generate the final report. It is clear that the greatest value for NASA and the science
community comes from the discussions among the panel members that lead to findings. The discussion
and consensus on findings for the 2013 Senior Review took most of the meeting time not allocated to
presentations.
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In the spirit of promoting best practices in the Senior Review process, leading to a Senior Review
report of the highest quality, the 2013 Senior Review panel offers the following suggestions to future
panels and the MO&DA Program Office.

1. A comparative summary of the budgets for the different missions should be prepared by NASA or
their designee and distributed to the Senior Review panel before the Panel meeting. This
information will facilitate the science-per-dollar analysis of the Panel and could be done in a form
similar to the graphs presented in the 2013 Senior Report report (Sec. 4). The comparative summary
charts should allow panelists to distinguish between Total Mission Costs, Science Operations
Functions, and Science Data Analysis/Guest Observer Funding to understand where the mission falls
in the progression toward the “minimum science” mission.

2. The Program Executive for Heliophysics Mission Operations, in consultation with discipline scientists
and the Senior Review Chair, should make writing assignments to the Panel for the individual
reviews at the time the proposals are distributed to panel members. A lead reviewer and writer
should be assigned for each proposal and one secondary supporting reviewer. The leads of the
individual review should prepare short paragraph summaries of the mission, the science questions
to be addressed, and the mission and instrument Health and Status before the Panel convenes.

3. The Chair should work with the Panel to ensure that written summary evaluations on the
individual proposals are completed and distributed to all panelists before the date of the Panel
meeting. This writing should be focused on strengths and weaknesses of the proposals, followed
by concise text describing the strengths or weaknesses noted at this point of the review.

4. During the Panel meetings the written strengths and weaknesses of a mission along with the
comparative budget should be reviewed quickly just before the mission presentations. Questions
for the science team could be informally developed. Allocate 15 minutes for this short internal
discussion within the Panel before the presentation by the mission Pl or science team.

5. Limit extended mission proposals to 30 pages. Encourage mission teams to include hyperlinks to
relevant supplementary material in the proposal. Panelists found the easy access to such
information helpful in finding additional details of the mission and science. Require the mission
presenters to make their presentations available in either soft or hard copy to each panelist at the
time of the presentation. The presentation provides useful reference material for developing the
assessment of the proposal.

Progression from Prime to Minimum Science

The greater scientific community does not generally understand the nominal progression of a
mission in the MO&DA program. The extended mission paradigm is to gradually move missions in
funding levels from the prime mission to a "minimum science" mission over time. The minimum science
mission consists of sufficient funding to calibrate, process, validate, and archive data such that they have
the greatest possible value to the larger scientific community. It is expected that the mission will make
these science operations processes as automated and efficient as possible. Even more important are the
efforts of the program to appropriately reduce the mission operations costs in the extended phase. The
Senior Review panel recommends that programs at the “minimum science mission” be allocated
resources to implement a set of PSGs above the resources required to meet the archiving objectives.
The extended mission projects in the MO&DA program are to be evaluated on the progress made on
previous PSGs, as well as the scientific merits of the current PSGs in the proposal.
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“Five-way” Budget Breakdown for Science

The “five-way” breakdown of the extended mission budget is essential to the Senior Review panel in
understanding how resources are generally distributed within a mission. Missions in extended phase
were asked to separate the costs of obtaining, validating, calibrating, and archiving data from costs of
completing scientific investigations with the data obtained. The Panel reviewed the budget lines 3 and 4
for “Science Operations Functions” and “Science Data Analysis/Guest Observer Funding,” and from this
information tried to determine where the mission falls in the progression toward the “minimum
science” mission. This distinction is important in setting the expectations for both past performance and
potential scope and impact of the PSGs of the extended mission. The Panel found that the mission
projects used a variety of methods in reporting these items for the 2013 review. Although the various
costs accumulated in each category of the five-way budget breakdown will naturally vary from mission
to mission, the project budget should nevertheless be structured to allow a consistent means of
evaluating relative scientific value among missions and a determination of where the missions are in the
progression toward a minimum science mission. To this end, the Panel encourages NASA to work with
the extended mission projects in future senior reviews to ensure that the five-way budget breakdown is
reported more uniformly across projects.

Guest Investigator Program

Separating the science data analysis tasks from the science operations tasks and placing funds for
science data analysis in a program for open competition potentially places the ultimate scientific
analysis of the data at risk. The “minimum mission” concept reallocates a significant part of the science
analysis funds for the missions into a common pool, the Gl program. The advantage is that these funds
can be openly competed within the Gl Program as administered by NASA. The disadvantage is that these
funds are readily identified for easy removal from the MO&DA program, as was done with the Gl
program in FY10. The Gl concept as part of MO&DA was developed as a suggestion to NASA through the
senior review process a number of years ago.

This Senior Review panel was not asked to review the balance in science funded directly through
extended missions relative to that of the Gl program or to prioritize funding for the Gl program relative
to the extended missions. Indeed, given the issues raised above regarding the “Five-way” Budget
Breakdown for Science, it would not have been possible with this review. Nevertheless, the Senior
Review panel considers the Gl program a high priority of the MO&DA Program and strongly supports the
recommendation of the 2012 Decadal Survey that:

“a directed guest investigator program ... should be established in order to maximize [mission]
scientific return. Further, just as an instrument de-scoping would require an evaluation of
impact on mission science goals, so, too, should the consequences of a reduction in mission-
specific Gl programs and Phase-E funding merit an equally stringent evaluation.”

Future Senior Review panels would benefit from an up-front assessment from the MO&DA program
office of the current and projected funding for science data analysis in the Gl program relative to that in
the proposed extended missions.

3 Extended Mission Assessments

3.1 ACE
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3.1.1 Overview of the Science Plan

Since January of 1998, ACE has been in orbit around the L1 Lagrangian point, ~1.5 million km
sunward of Earth. At this location it has made measurements of the elemental, isotopic, and ionic
charge-state composition of energetic nuclei from solar wind to galactic cosmic ray energies. These
observations have been used to enhance our understanding of the sources, composition and processes
related to the solar wind, solar energetic particles (SEPs), and galactic and anomalous cosmic rays. In
addition, continuous measurements of the background and disturbed solar wind, provided by solar wind
plasma, energetic particles and magnetic field instruments on ACE, are crucial for space science, as well
as for space weather.

The proposal highlights recent scientific accomplishments and five areas for exciting future work.
These are: (1) solar particle acceleration and transport; (2) solar wind structure and processes; (3) global
heliosphere and interstellar medium; (4) space environment and weather; and (5) the HSO. Of particular
interest are accurate measurements of the properties the solar wind, suprathermal and energetic
particles, and galactic cosmic rays during this unusual solar cycle.

3.1.2 Science Strengths

The ACE mission has had numerous scientific accomplishments during 2010-2012 and proposes an
exciting list of high-priority science goals that can be addressed in the next several years. To carry out
this work ACE makes impressive and unique measurements over an extensive range of solar wind to
galactic cosmic ray energies. Among these it makes the most sensitive measurements of SEPs below ~1
MeV/nucleon and above ~ 10 MeV/nucleon range. Also, since ACE is closer to the Earth-Sun line than
Wind, its solar wind magnetic field measurements more closely represent what actually impacts Earth’s
magnetosphere.

There are many examples of important science that can be carried out with ACE data during the
next few years. New observations by ACE will be crucial for understanding changes in the solar corona as
the recent and unusual solar cycle conditions (weak solar minimum and solar maximum) evolve.
Research with these data will provide new insight into important questions, such as the maximum
possible cosmic ray intensity at 1 AU at times like a Maunder minimum. In another example, the ACE
background solar wind and cosmic ray measurements will be important for putting in context and
understanding measurements made by the Voyager spacecraft as they depart the heliosphere. In
addition, ACE will measure solar wind, SEPs and other solar wind features, especially as we might be
entering once-in-a-century solar activity levels. ACE is well-suited to examine the production of SEPs by
suprathermal seed population, and the wide separation of ACE and STEREO A and B can provide new
understanding of processes producing longitudinally extended SEP events and their rapid distribution in
the heliosphere.

3.1.3 Relevancy Strengths to Heliophysics Research Objectives

ACE contributes to the three broad Research Objectives for Heliophysics and all 12 Research Focus
Areas within these research objectives. The Research Objectives are: Open the Frontier to Space
Environment Prediction, Understand the Nature of our Home in Space, and Safeguard the Journey of
Exploration. For each focus area, numerous publications are listed in the proposal authored by either
ACE team members or by non-ACE authors using ACE data. The topics deal with both fundamental
research problems such as magnetic reconnection, particle acceleration and magnetic dynamos, to
predicting the propagation and evolution of solar disturbance and the onset of solar activity.
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3.1.4 Value to the Heliophysics System Observatory

ACE observations support nearly every (if not all) Heliophysics missions, and the satellite is a major
asset of the Heliophysics System Observatory. The solar wind observations are crucial for understanding
the structure and dynamics of processes in Earth’s magnetosphere as well as solar wind interactions
with other solar system objects and with the heliospheric boundary and interstellar medium. ACE uses
its extensive suite of instruments to support the broader scope of numerous other missions. For
example, ACE observations will be vital for maximizing science from missions such as the recently
launched Van Allen Probes to understand Earth’s radiation belts, and planned new missions such as
MMS. ACE supports other NASA missions such as the Mars rover, MAVEN, cometary studies, and
planetary atmospheres research. The data from ACE are also used as input to, or validation of,
numerous heliophysics models and are critical for refining these models. Examples include the Enlil
model used for solar wind and CME predictions at Earth and other planets, and the Earth-Moon-Mars
Radiation Environment Module (EMMREM) model. Furthermore, ACE provides data that support NASA’s
Space Radiation and Analysis Group, the National Oceanic and Atmosphere Administration’s (NOAA)
space weather operations, and other national assets. One indicator of the value of ACE data to the HSO
is that in the last 3 years more than 750 papers by non-ACE authors used ACE data.

It is worth noting that while there is some overlap of solar wind measurements made by ACE and
Wind (also at L1), it is clear that each mission conducts complementary research and that ACE has a
broad mission that makes important observations such as galactic cosmic rays over a broad range of
elements, isotopes, ionic species, and energies that are not available from Wind.

3.1.5 Spacecraft / Instrument Health and Status

In the last 2 years, there has been some degradation in the Solar Wind Electron Proton Alpha
Monitor (SWEPAM) and the Solar Wind lon Composition Spectrometer (SWICS); however, for the most
part, this problem has been overcome. In SWEPAM, the gain of electron multipliers degrades as charge
is extracted over time (affecting solar wind density, but not velocity). By repointing the spacecraft more
frequently, the SWEPAM performance is improved. In SWICS, degradation of the Time-of-Flight system
introduces some extra background. By changing the priority for recording heavy solar wind ions and
filtering of data, SWICS remains capable of measuring abundances of ~ 40 different ion species with
nearly same time resolution as before. After producing 3 years of excellent ionic charge state data, the
Solar Energetic Particle Charge Analyzer (SEPICA) was turned off in April 2011, as recommended in the
previous Senior Review. Finally, at nominal consumption rates, fuel reserves on ACE are adequate
through 2024 and power is adequate through 2025. In summary, ACE remains healthy and capable of
providing excellent and unique science data.

3.1.6 Data Operations (accessibility, quality control, archiving)

The ACE program is doing an excellent job with regard to data distribution and archiving. ACE data
are easily available and accessible in a large variety of levels and resolutions through NASA's
Coordinated Data Analysis Web (CDAWeb), Virtual Observatories, and the ACE Science Center. ACE is
among the most used data sets in NASA’s CDAWeb. Also, real-time data are available through NOAA’s
Space Weather Prediction Center. There have been multiple improvements in data processing and
availability since the last Senior Review, including reprocessed data, a real-time shock analysis service,
and a level-3 plot browser. However, it was noted that the science community would benefit from the
ACE team making available high-time resolution (12-minute) SWICS data. The data usage is remarkable:
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as of 2012, there are 2759 publications, 158 ACE news items, and 113,000 unique users of real-time
data. lllustrating good planning, when the time comes for ACE to be terminated, the ACE team has
established a plan for completing unfinished tasks and for a final version of the data to be served from a
Resident or Permanent archive.

3.1.7 Proposal Weaknesses

There are no serious weaknesses to supporting the continuation of ACE observations. However, it is
also apparent that the Cosmic Ray Isotope Spectrometer (CRIS) and Solar Isotope Spectrometer (SIS)
instrument budgets, as also mentioned in the previous Senior Review, are at a relatively high level
compared to the other instrument teams. Even though these data streams are complex, more
justification for these budgets, or new processes, should be considered for the future.

3.1.8 Overall Assessment and Findings

In spite of being one of the “older” missions, ACE continues to make significant contributions to new
and emerging scientific problems on topics related to the solar wind and Interplanetary Coronal Mass
Ejections (ICME), solar and interplanetary energetic particles, cosmic rays and heliosphere/interstellar
interactions, and space weather and the science behind space weather. During the next few years, new
observations by ACE will be crucial for understanding changes in the solar corona as the recent unusual
solar cycle conditions (weak solar minimum and solar maximum) evolve. ACE will contribute to new
understanding of the role of seed particles for SEP events, and with multi-spacecraft imaging and in situ
data, there will be studies of how SEP properties are controlled by evolving magnetic connections to
flares and CMEs. These are but a few of the highest priority goals for ACE investigations.

The ACE budget is within guidelines and fully reasonable for supporting mission services, operations
and science data analysis necessary to provide these unique and highly used data to a broad scientific
community. Furthermore, ACE: plays an essential role in supporting the HSO; has done a remarkable job
at making high-quality data available to the scientific community; and is important for realizing scientific
goals of new missions such as the Van Allen Probes.

Overall Grade. The ACE extended mission proposal received a 7/10 median panel score for the
Overall Scientific Merit, placing it solidly in the group of excellent proposals. For its contribution to the
HSO, ACE received an 8/10 median panel score, placing it in the highest group of compelling missions.
The Panel recommends the continued operation of the ACE mission.

3.2 AIM

3.2.1 Overview of the Science Plan

AIM was launched in 2007 as the first satellite mission dedicated to studying Polar Mesospheric
Clouds (PMCs). These are water-ice clouds that occur in the summertime at high latitudes, in a thin layer
between about 82 and 85 km. Because the clouds were first recorded in 1885, and there is considerable
evidence that they are getting brighter and spreading to lower latitudes, PMCs are a subject of great
interest as sensitive indicators of climate change.

The main achievement during the first 6 years of the mission has been to gain a significantly better
understanding of the global dynamics of the middle atmosphere that control the variability of the clouds
on short timescales. As a NASA HSO mission, it was also planned to study the impacts of solar and
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heliophysical variability on PMCs. However, because of the unusual 23/24 Solar Cycle minimum, these
impacts have been difficult to assess. Nevertheless, the role of the 27-day solar rotation has been
confirmed. Furthermore, as the maximum of Solar Cycle 24 approaches, there are some indications
emerging that the 11-year cycle affects PMCs in the opposite way to the conventional view (which is
that the cloud brightness minimizes due to warmer temperatures and Lyman-a photolysis of water).
One explanation for this may be that AIM is able to detect smaller ice particles than the previous
satellite measurements, which have shown the expected trend (although with an unexplained ~1-year
time lag).

The Solar Occultation for Ice Experiment (SOFIE) uses the technique of satellite solar occultation to
measure vertical profiles of limb path atmospheric transmission within 16 spectral bands between 0.29
and 5.32 um. SOFIE measurements are used to retrieve profiles of PMC extinction at 11 wavelengths
(0.330 to 5.01 um), temperature, meteoric smoke extinction, and five gaseous species (O3, H,0, CO,,
CH4, and NO). All 16 channels are functioning nominally. It is worth noting that the spectrometer has an
exceptional signal-to-noise ratio (S/N) of 1 part in 106, which has enabled meteoric smoke to be
measured by optical extinction for the first time. SOFIE temperatures have now been validated from 15
to 88 km altitude, and measurements of H,0, NO, and O; all agree satisfactorily with other established
techniques.

The Cloud Imaging and Particle Size (CIPS) experiment is a wide-angle imager that provides images
of PMCs with a spatial resolution of 1x2 km in the nadir and about 5 km at the edges of the forward and
aft cameras. The ability to image PMCs at a large range of scattering angles enables the ice particle size
to be determined. The retrieved parameters include PMC presence, albedo, particle size, and ice water
column content (IWC), with 25 km? resolution covering the summer polar region (latitudes from ~55—
84°). CIPS data contain the first spaceborne daytime images of small-scale Gravity Waves (GW), which
largely account for energy and momentum deposition in the mesosphere and lower thermosphere
(MLT). Horizontal wavelengths greater than about 5 km can be determined. CIPS imagery has also now
been used outside the summer polar region to detect GW signatures in ozone at ~55 km, although at
present only wavelengths >100 km can be detected. CIPS observations of GWs around Antarctica show a
strong zonal alignment in the propagation direction of small waves, in contrast to larger scale waves (A
>100 km), which have a preference for trans-polar motion.

Overview of the Science Plan (as addressed in conjunction with observations from other
Heliophysics missions): The main overlap comes with the TIMED mission, particularly the Sounding of
the Atmosphere using Broadband Emission Radiometry (SABER) instrument. One synergistic application
is to combine SABER data and results from SOFIE T, O3, CO,, and H,0 measurements to perform
continued cross-validation studies of these parameters. SABER also measures radiative cooling from
CO,, which will be necessary to untangle the relative contributions of increased CO, and atmospheric
circulation changes to the observed cooling in the MLT.

Overview of the Methodology: The AIM team has been very successful in developing new data
products (e.g., meteoric smoke and GWs), thereby adding considerable value to the original mission. It is
planned to continue producing these new products, along with PMC parameters, into the declining
phase of Solar Cycle 24.

3.2.2 Science Strengths

Even though significant progress has been made to address the original AIM objectives, several
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surprises have emerged and these can best be addressed by accumulating further data over the
declining phase of Solar Cycle 24. These results—particularly the cooling in the MLT and increase in
PMCs toward solar maximum—show that fundamental uncertainties remain.

There are six Prioritized Science Goals (PSGs) for the extended mission:

1. How are PMC variations indicative of the dynamics of the whole atmosphere? This will continue the
work from the first 6 years, looking at inter-hemispheric connections in the stratosphere and
mesosphere. This has already proved to be a highly successful area of research for the team. The
role of gravity waves in the mesosphere/thermosphere will be a focus.

2. How does changing solar irradiance affect PMCs and the environment in which they form? This will
attempt to resolve why the expected decrease in PMC ice mass on approach to solar maximum has
not occurred during Solar Cycle 24.

3. What is the response of PMCs and their environment to changing atmospheric composition resulting
from terrestrial forcing? AIM measures most of the mesospheric parameters (PMCs, T, H,0, CO,,
and CHy) required to test theories concerning the influence of greenhouse gases on the MLT and
PMCs. The effect of increasing greenhouse gases (GHG) on the global circulation may be to induce
cooling in the mesosphere, in addition to radiative cooling by CO,. This is an important topic for
study, because there are indications (from various long-term data series) that the mesosphere is
cooling much faster than can be explained by enhanced radiative cooling alone. The solar cycle will
be at the same point in 2017 as in 2012, but GHG concentrations will be higher. This may permit the
dominant solar cycle term to be characterized before determining the temperature change that can
be attributed to CO, or circulation: an important reason for extending the mission out to 2018.

4. What are the drivers behind changing atmospheric circulation as indicated by meteoric smoke
observations? SOFIE has provided the first optical extinction measurements of meteoric smoke. This
appears to offer a new tool for characterizing variability in middle atmosphere circulation. An
extended mission to solar minimum may provide sufficient observations to reach closure by
separating solar and CO, effects on circulation changes. Another intriguing possibility is using
observed seasonal changes in the mesospheric circulation to forecast circulation changes in the
thermosphere.

5. What is the effect of rapidly transported launch vehicle exhaust on PMC variability during the
“unique” post-shuttle era? Untangling the effects of solar variability and space traffic on multi-
decadal PMC datasets is important for determining possible changes in mesospheric climate since
the 1960s. The Space Shuttle Program was the major contributor to lower thermospheric water in
the past 25 years, but the program has now ended.

6. How do changes in energetic particle precipitation (EPP) affect the summer polar upper
mesosphere, and what are the implications for PMCs? AIM can measure NO in the MLT and O3 in
the stratosphere/mesosphere, both species being affected by EPP. This provides a link between
space weather and atmospheric change.

3.2.3 Relevancy Strengths to Heliophysics Research Objectives

Strengths

The only significant overlap with other HSO missions is with TIMED. The proposal addresses the
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question of relevancy to the Roadmap in some detail for each of the PSGs.

PSG1: The role of gravity waves in atmospheric circulation has been a subject of various
Heliophysics roadmaps, as well as the National Research Council’s 2012 Decadal Survey
Report (DSR) (“Solar and Space Physics: A Science for a Technological Society,” released by
the National Academy of Sciences) Goal No. 3, to “determine the dynamics and coupling of
Earth’s magnetosphere, ionosphere, and atmosphere and their response to solar and
terrestrial inputs.”

PSG2: Relevant to NASA Heliophysics Roadmap Research Focus Area (RFA) H3 “Understanding the
role of the Sun and its variability in driving change in the Earth’s atmosphere.”

PSG 3: Relevant to NRC 2012 DSR Goal #2 “to provide a comprehensive understanding of
the variability in space weather driven by lower atmosphere weather on Earth.”

PSG 4: Consistent with the NRC 2012 DSR Goal No. 3.

PSG 5: Relates to the NRC 2012 DSR question: How do End-Plate Potential (EPP)-initiated chemical
changes translate to thermal and dynamical changes throughout the atmosphere?

Weaknesses

None noted.

3.2.4 Value to the Heliophysics System Observatory

AIM focuses on solar-terrestrial science in the Earth’s stratosphere, mesosphere, and lower
thermosphere, and thus operates at one of the boundaries of the HSO. Its value lies in providing
important new information about solar impacts on the dynamics and chemistry of these regions, and
the role of solar variability in the Earth’s climate.

3.2.5 Spacecraft / Instrument Health and Status

SOFIE and CIPS are operating normally with no issues to consider. The Cosmic Dust Experiment
(CDE) instrument stopped producing useful data about 9 months into the mission, and was turned off
during the summer of 2012. Although the proposal states that “Little to no science was lost because of
the SOFIE ability to measure meteoric smoke,” this is not actually the case—nanometer-sized meteoric
smoke and micron-sized interplanetary dust particles are not the same thing. During the Northern
Hemisphere (NH) 2018 PMC season, AIM will reach the point, due to orbit precession, where the
spacecraft is in full sunlight throughout the orbit. SOFIE will not be operable during this period, but CIPS
can continue to be used for gravity wave studies.

3.2.6 Data Operations (accessibility, quality control, archiving)

Data are publicly available within approximately 1 week of the on-orbit measurement/collection
time. The panel noted that the transition to a final archive is relegated to a very short time at the end of
the mission, but recent contacts with NASA’s Space Physics Data Facility (SPDF) are encouraging that this
will be addressed. It is not clear the archived level-0 data will be of any use, given the plan to not archive
a complete set of software. This plan should be part of the discussion with the SPDF. There should also
be continuing interaction with the SPDF to solve the problems associated with the lack of standards for
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3.2.7 Proposal Weaknesses

No significant weaknesses were identified. Nevertheless, there are some points that the AIM team
may wish to consider:

* The solar cycle will be at the same pointin 2017 as in 2012, and GHG concentrations will be higher—
but only by ~10%. Will that be enough to untangle solar from GHG impacts?

* Meteoric smoke is not a passive tracer—it is formed from the recondensation of metallic vapors
produced from meteoric ablation (and so a function of the meteoric input function as well as local
concentrations of O, H, and O3, etc., and T). The particles are also probably subject to coagulation
and processing by acids like H,SO,4, which may change their extinction cross sections significantly

3.2.8 Overall Assessment and Findings

The Panel noted the very successful accomplishments in the first 6 years of the mission. The Panel
was also impressed with the broadening of the original goals of AIM following the successful
measurement of several originally unplanned parameters—meteoric smoke, gravity waves, and various
gas-phase constituents.

Although the total number of published papers to date is not exceptional, there is evidence that
data are now starting to be used more widely by non-AIM Science Team members both in the U.S. and
internationally. This trend should continue, perhaps by advertising the data products more widely to the
middle-atmosphere modeling community and also to researchers who do spectroscopic retrievals.

The proposal makes a well-argued science case for extension to the next solar minimum.

The six PSGs are of variable importance and likelihood of success, though all worth pursuing. The
Panel agrees with the order of priority in the proposal.

Overall Grade. The AIM extended mission proposal received a 6/10 median Panel score for the
Overall Scientific Merit, placing it solidly in the group of Excellent proposals. Its median Panel score of
5/10 for contributions to the HSO places it near the lower end of the ranking in the Excellent category
but with significant value for HSO science. The Panel recommends the continued operation of the AIM
mission.

3.3 CINDI

3.3.1 Overview of the Science Plan

The CINDI science team proposes a focused study addressing the following fundamental question:
(1) How do the equatorial thermosphere and ionosphere respond to geomagnetic energy inputs at high
latitudes? (2) How is the energy budget in the equatorial ionosphere and thermosphere connected to
the ionospheric dynamics and composition of the region? (3) How is the pre-sunset state of the
ionosphere related to the post-sunset appearance of plasma irregularities in the equatorial region?
These questions immediately address a number of research focus areas that appear in the current
Heliophysics Roadmap for Science and Technology, “Heliophysics: The Solar and Space Physics of a New
Era,” (May 2009) and which are carried forward in the Science Missions Directorate Strategic Plan, “2010

13 June 2013



CINDI

Science Plan for NASA’s Science Mission Directorate,” (July 2010), and the most recent Decadal Survey
for Solar and Space Physics, “Solar and space Physics: A Science for a Technological Society,” (2012) by
the National Research Council.

CINDI is a NASA mission of opportunity that provides measurements of the ion density,
temperature, composition, and velocity as well as the neural atmosphere pressure and wind. The CINDI
Instruments consist of two thermal ion sensors that constitute the lon Velocity Meter (IVM) and two
neutral particle sensors that make up the Neutral Wind Meter (NWM). The IVM sensors, which include
an ion drift meter (IDM) and retarding potential analyzer (RPA), have performed as expected since their
initial turn on. The extended CINDI mission will use its measurements of ionospheric and thermospheric
density and motion over a range of critical altitudes in its near equatorial orbit (13 degrees inclination)
to address the proposed science questions.

3.3.2 Science Strengths

The CINDI extended mission plan is well conceived and addresses compelling science topics.
Additional data and operations are clearly required to accomplish the proposed science objectives.
CINDI has established the properties of the quiet time ionosphere and thermosphere over its prime
mission phase during the solar minimum such that the context of the proposed extended mission
science is clear. The team has produced the first continuous observations of the O*/H" transition height,
a proxy for the effective thickness of the ionosphere, across low latitudes and at all local times. The
CINDI team has also described the characteristics of large-scale plasma density structures in the topside
ionosphere at solar minimum that usually peak in occurrence after midnight. During this extreme solar
minimum CINDI has established that the nighttime thermospheric temperature is less than 600K and
that the dominant species near 400 km is neutral helium. This was a surprising scientific result.

CINDI will be the only mission providing coincident information on the dynamic state of the
ionosphere and thermosphere during the rising solar cycle. This makes it an important data set for
achieving system science of the effect of the Sun and magnetosphere on the Earth. It will likely be
coupled with measurements of the Extreme Ultraviolet (EUV) radiation from the SDO EVE instrument
observations and the state of the interplanetary environment from ACE, and contextual imaging of the
neutral atmosphere and ionosphere from TIMED.

The CINDI mission costs are very low relative to the large science return. The CINDI instrument suite
is part of the Communications/Navigation Outage Forecasting System (C/NOFS) spacecraft, which is
operated by the U.S. Air Force (USAF), thus reducing the cost to NASA for mission operations. The costs
of the science team for producing archived data is relatively low, especially considering that the mission
is just ending its primary mission phase.

3.3.3 Relevancy Strengths to Heliophysics Research Objectives

The CINDI mission strongly and clearly addresses priority investigations in the Heliophysics Science
and Technology Roadmap. One of the key Roadmap science objectives, RFA F3, is to understand the ion-
neutral interactions that couple planetary ionospheres to their upper atmospheres and solar and stellar
winds to the ambient neutrals. CINDI is one of the few missions that can directly address this topic. It
also addresses RFA H2 to understand the changes in the Earth’s magnetosphere, ionosphere, and upper
atmosphere to enable specification, prediction, and mitigation of their effects, and RFA H3 to
understand the role of the Sun and its variability in driving change in the Earth’s atmosphere. The
proposed investigations are carried forward in the most recent decadal survey, which outlines
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challenges for atmosphere ionosphere-magnetosphere (AIM) coupling that include “understand the
plasma neutral coupling processes that give rise to local, regional and global scale structures and
dynamics in the AIM system.” The focused activities of the extended mission are also responsive to the
decadal survey, which recommends “Distinct Programs for Space Physics Research and Space Weather
Forecasting and Specification.”

3.3.4 Value to the Heliophysics System Observatory

CINDI is the only component of the HSO that will gather in situ measurements of both the
ionospheric and thermospheric motions during the declining phase of the current modest solar
maximum. The region CINDI observes responds to solar radiation, producing ionization and wind
systems that generate electric fields internally. The proposed extended program will benefit greatly
from HSO assets that provide a detailed description of the external drivers. For example, the Solar EUV
Experiment (SEE) instrument on TIMED provides measurements of the spectral content in the solar EUV
radiation and data from SDO adds information about the spectral emissions in solar flares. These data
have spawned a number of investigations for which the CINDI observations of plasma density,
temperature, and composition play a critical role. The emerging measurements of neutral winds from
TIMED and CINDI provide an opportunity to move forward with ion-neutral coupling studies. The
availability of data from the Van Allen Probes that specify the energy content of the ring current, will
add a new perspective to interpreting measurements of equatorial dynamics. During the declining phase
of a modest solar maximum we might expect the re-emergence of recurrent activity from solar wind
streams. This presents a new opportunity to combine measurements in the inner magnetosphere from
Van Allen Probes with measurements of the equatorial motions from CINDI to uncover the role of ring
current shielding during such periods. CINDI represents an important component of the HSO, enabling
the connected ionosphere, thermosphere, and magnetosphere system to be included in a coherent
study of the geospace environment.

3.3.5 Spacecraft / Instrument Health and Status

The state of the C/NOFS satellite and mission programmatic is good. The Air Force Research
Laboratory (AFRL) has indicated that it intends to continue the operation of the satellite “until reentry of
the vehicle.” The sole concern of any consequence is that at times the angle between the Sun and
C/NOFS’s precessing orbit is such that battery-charging conditions might preclude full operation of the
all of the instruments and the Tracking and Data Relay Satellite System (TDRSS) data system. This is not
expected to affect the CINDI instruments, which do not draw significant power.

3.3.6 Data Operations (accessibility, quality control, archiving)

The CINDI team is doing a good job of making data available in a timely fashion and in useful
formats. The plan needs to be strengthened in the areas of describing the move of the data,
documentation, and supporting information to a final archive. There should also be stronger interaction
with the Virtual Observatories (VxO) to assure that the Space Physics Archive Search and Extract (SPASE)
metadata are prepared for the data products.

The CINDI Mission Archive Plan (MAP) consists of two primary components: the UT and AFRL
production sites. The NSSDC is designated as a deep archive. Data are being delivered on a timely basis
through the project website, subject to availability issues beyond the team’s control (lack of solar
activity). The team has chosen to make the data available in Hierarchical Data Format (HDF) (currently
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actually in ASCII), with metadata in a custom ASCII form that “conforms to the simplest of SPASE
models.” The HDF format will certainly be readily accessible to the user community and is therefore a
good choice. The data are simple enough that conversion to other formats (e.g., Common Data Format,
or CDF) should be straightforward.

3.3.7 Proposal Weaknesses

The CINDI mission can provide information only on the low-latitude ionosphere. Many of the NASA
system science objectives for the Sun-to-Earth response to solar variability require a set of observations
from higher latitudes of the thermosphere and ionosphere that cannot be provided by CINDI in its
equatorial orbit. This is considered a minor weakness because it reflects a weakness in the HSO that
there is not a mission providing more complete coverage of the ionosphere.

3.3.8 Overall Assessment and Findings

CINDI has a clear extended mission plan addressing compelling science topics. During the recent
solar minimum CINDI has established the properties of the quiet-time ionosphere and thermosphere
such that the context of the proposed extended mission science is clear. CINDI will be the only mission
providing coincident information on the dynamic state of the ionosphere and thermosphere during the
rising solar cycle and is therefore valuable to the HSO. The CINDI mission strongly addresses priority
investigations in the Heliophysics Science and Technology Roadmap. The CINDI mission costs are very
low relative to the expected large science return. The health and safety of the C/NOFS satellite is good
with the USAF intending to continue operations of the spacecraft. The CINDI team is doing a good job of
making data available in a timely fashion and in useful formats.

Overall Grade. The CINDI extended mission proposal received solid Excellent rankings for both
extended mission science (median panel score 7/10) and contribution to the HSO (median panel score
6/10). The lower ranking of HSO value stems from the low impact that CINDI data has on other elements
of the HSO. The Panel recommends the continued operation of the CINDI extended mission.

3.4 CLUSTER

Cluster is a joint ESA/NASA mission that was launched in July and August 2000. Cluster and SOHO
were the first cornerstone missions of ESA’s Horizon’s 2000 Program. ESA has provided the bulk of
funding for the Cluster mission to date with NASA providing contributions of roughly $210M. Its four
spacecraft have revolutionized multipoint measurements in geospace. Its instrument suite provides in-
situ measurements of dc and wave electric and magnetic fields and plasma-particle distributions from
thermal to 100s of keV and ion mass composition up to 20 keV.

3.4.1 Overview of the Science Plan

In order of priority, the extended mission will conduct the following science investigations using
Cluster data. The first two investigations are also primary Cluster goals for the ESA-approved mission
extension through 2014.

1. Investigate and quantify the response of geospace to solar activity over more than one solar cycle
(also ESA approved).

2. Study small-scale structures at the bow shock (also ESA approved).
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3. Investigate the waves and fields properties of magnetic reconnection, particularly at ion scales
in the magnetotail.

4. Determine the plasma wave properties of turbulence in the magnetosheath, particularly at small
scales and near regions of magnetic reconnection.

5. Investigate the spatiotemporal properties of waves in the inner magnetosphere (with Cluster
at small separations) as related to observations of radiation belt particles in conjunction with the
Van Allen Probes.

6. Use the electric field data from the Electron Drift Instrument (EDI) to further develop the University
of New Hampshire-Inner Magnetospheric Electric Field (UNH-IMEF) global electric field model of the
inner magnetosphere.

Novel orbital changes in the extended mission will bring C3 and C4 to within 10 km or less from each
other for ion plasma-scale studies, with C1 and C2 providing larger scale context since they will be
separated from each other and from C3 and C4 most of the time by distances of ~1000s km.

Collaborations with the current THEMIS and Van Allen missions are envisioned, along with MMS and
ESA Swarm missions post-launch. Orbit simulations show that the Cluster orbits will be in near
conjunction with MMS and Van Allen Probes, which could provide unique, out-of-ecliptic-plane
measurements complementary to those from these other missions.

3.4.2 Science Strengths

¢ Datasets from the same instruments and same regions will be used for comparisons over two solar
cycles, e.g., of magnetic reconnection and flow of energy and momentum into the magnetosphere.
This investigation seems most relevant to global and system behavior. The proposed measurements
will mainly provide diagnostics of local plasma behavior, which depend on solar cycle effects
through local changes in the plasma and field environment and may not be as relevant as large-scale
measurements in understanding solar-terrestrial coupling phenomena across multiple solar cycles.

* The closely spaced configuration of C3 and C4 will provide novel data in key regions of geospace and
in thin layers of fundamental interest—shocks, boundary layers, reconnection diffusion region at ion
plasma scales. However, ion plasma instruments are not operating on all S/C, notably not on both
C3 and C4, which presumably would be used to study ion plasma scale phenomena.

¢ Mid-latitude conjunctions with Van Allen Probes will provide valuable data on distributions of wave
modes responsible for radiation belt particle losses and acceleration. The wave instrument (WBD)
and energetic electric detector (RAPID-IES) are operating on all Cluster S/C, so data relevant to the
electron belts should be of high quality.

¢ Significant scientific impact during the previous extension bodes well for the proposed extension,
but with uncertainty and risk regarding the value of future data given the failure or reduced
performance of many instruments.

* The scientific team is intact and remains productive, but is not supported for science in the
guideline budget.

* The Gl program (current grants and just submitted proposal) leverages scientific productivity from
extended mission at least through 2014.
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3.4.3 Relevancy Strengths to HP Research Objectives

The research objectives of the extended mission are well aligned with SMD strategic goals, and they
address two overarching science goals of the Heliophysics Division. Many goals of the 2012 Decadal
Strategy for Solar and Space Physics will also be addressed—three top-level goals (DS Goals 1, 2, and 4)
of the Decadal Survey and four priorities of the Decadal Survey Panel on Solar Wind—Magnetosphere
Interactions (SWMI-1, 2, 3 and 4).

Strategic Goal 1 - Open the frontier to space environment prediction: Understand the fundamental
physical processes of our space environment.

The extended mission will provide new insights into magnetic reconnection (SWMI-1), plasma
processes that accelerate and transport particles (SWMI-2) and collisionless shock waves; it will
characterize fundamental physical processes that govern how energy and matter are transported in
geospace (DS Goal 4)

Strategic Goal 2 - Understand the nature of our home in space and how we are affected by solar
variability interacting with planetary magnetic fields and atmospheres.

The extended mission will extend measurements of changes in Earth’s magnetosphere over a
complete solar cycle; characterize dynamics and coupling of Earth’s magnetosphere, ionosphere, ...
and their response to solar ... inputs (DS Goals 1, 2; SWMI-3, 4)

3.4.4 Value to the Heliophysics System Observatory

The greatest value of the Cluster extended mission, given its reduced instrument functionality,
accrues from its contributions to the HSO in outer regions of geospace, in the interplanetary medium
where its measurements complement those from other HSO missions and from its out-of-ecliptic-plane
orbits which complement the equatorial plane measurements of the Van Allen Probes, THEMIS, and
MMS. The proposal makes a compelling case for:

* Investigation of solar-terrestrial coupling from measurements in key regions under varied driving
conditions;

* Complementary mid-latitude conjunction measurements to equatorial measurements from Van
Allen Probes;

* lon plasma scale and regional (1000s km) measurements complementary to those MMS will make in
the electron diffusion region;

* Complementary high-altitude measurements of currents to be resolved by ESA Swarm (three S/C)
measurements in the ionosphere;

¢ Alignments with THEMIS to provide additional multi-point, multi-scale measurements.

3.4.5 Spacecraft / Instrument Health and Status

The S/C and instrument health as described in the proposal are summarized in Table 3-1. The
proposal indicated that of the nine science teams on each of the Cluster spacecraft, seven instruments
have U.S. contributions.

The rate of solar array power degradation, which was significantly impacted by the recent passage
through the proton belts, will slow as perigee increases. ESA solar array experts predict that Cluster will
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have adequate power for science operations through at least December 2016.

Table 3-1. Cluster spacecraft instruments, Pls and institutions and current instrument performance.

FGM Fluxgate C Carr, Imperial College / Margaret Kivelson, UCLA
WHISPER Sounder Jean Gabriel Trotignon, CNRS Orleans
STAFF Search coil Patrick Canu, CNRS Palaiseau
PEACE Low-energy A Fazakerley, MSSL / M Goldstein, GSFC; D Winningham, SwR|
WBD Wide band wave Jolene Pickett, U lowa
EFW Electric field and Mats André, IRF / Forest Mozer UCB
HIA Hot ion analyzer lannis Dandouras, CNRS Toulouse

Cls RPA Retarding potential | George Parks, UCB

CODIF | TOF ion Eberhard Moebius, UNH; Lynn Kistler, UNH
RAPID IES Imaging electron Ted Fritz, BU
IPS Imaging proton Patrick Daly, MPI fir Aeronomie
EDI Electron drift Roy B. Torbert, UNH
S/C Power Adequate through “at least”12/16; C1 has the least power capacity
S/C Fuel Adequate for operations through 2016
Nominal Minor Reduced Instrument

LEGEND US PI, US Lead Col, US Col

Instrument Reduced Performance Not

The projected fuel consumption for Cluster science activities is adequate for the planned orbital re-
configuration that will bring C3 and C4 to within 10-km separations. By using small start/stop thruster
firings coupled with long period phasing drift times to attain the required spacecraft configurations,
sufficient fuel is available to support a second guest investigator Announcement of Opportunity (AO)
through 2016.

3.4.6 Data Operations (accessibility, quality control, archiving)

Accessibility (Cluster Active Archive, or CAA, is an ESA contribution to the International Living With a
Star, or ILWS, Program)

* Mature user interface; seemingly well supported; useful as evidenced by Gl projects and number of
users: 1565 total, 20 new/month; downloads: 1 TByte/month

* New: Have implemented direct data streaming without requiring remote file creation,
transfer; visualization tools to display electron and ion distribution functions; data mining tool

¢ Useful links to auxiliary datasets including ground-based data and simulations
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Quality control

* Two cross-calibration meetings per year are held to ensure data quality.

Archive (“data are available 1-2 years after collection”)

¢ All data from the Cluster Active Archive have been transferred to Cluster Final Archive (CFA) at the
European Space Astronomy Centre (ESAC).

* 2013: Public access will be through CFA rather than CAA. Some data are available in
NASA CDAWeb.

Data operations are mature and appear to be well managed and accessible. User statistics provide
good evidence that the scientific community values and uses the data.

3.4.7 Proposal Weaknesses

* Proposal does not address why single-point ion measurements (available only on C4) will be
adequate for studying multi-point ion plasma-scale physics of reconnection, energy dissipation in
shocks and in the magnetopause boundary layer.

* Many instruments are not functional or have limited duty cycle. The impact on extended mission
science, especially with only one Retarding Potential Analyzer/Composition Distribution Function
(RPA/CODIF) instrument functioning, diminishes intrinsic scientific value.

* The proposal does not make a compelling case for full mission extension beyond 2014.

* Managing operations caused by S/C systems degradation increases labor and cost for the
WBD instrument and possibly for other instruments also.

3.4.8 Overall Assessment and Findings

Cluster has been a productive mission with relatively modest NASA funding ($210M) over its 13-year
lifetime. The science team is intact and continues to produce good science with no support in the
extended mission for science Research and Analysis (R&A). The data appear to be widely used by the
community.

Extended mission science is optimized for projected orbits in the bow shock, magnetosheath, mid-
latitude magnetopause, and inner magnetosphere and for revisiting regions sampled in Solar Cycle 23.

The Cluster orbits provide unique multipoint contributions to the HSO at high and mid latitudes,
complementing equatorial plane measurements by THEMIS, Van Allen Probes, and MMS.

The proposal to drift orbits of S/C pairs to within 5-10 km separation is novel in the mission, but the
reduced performance or failure of many instruments reduces the utility of the measurement suite and
the resulting science impact in studying ion plasma scale phenomena. MMS measurements will
supersede these measurements, although only in equatorial regions.

The Senior Review panel finds that the Cluster extended mission proposal has notably worthy goals,
but the status of the instrumentation is not adequate to achieve the highest-priority goals. The fact that
the ion RPA/CODIF instrument is working on only one of four S/C means that four-point measurements
of ion phenomena, which have been a hallmark of Cluster science, cannot be realized in the proposed
studies of ion plasma-scale physics. The Panel finds that the proposed level of funding in the extended
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mission is high given this reduced functionality. The objective to investigate the spatiotemporal
properties of waves at mid-latitudes in the inner magnetosphere (with Cluster at small separations), and
their relation to observations of radiation belt particles and waves in conjunction with the Van Allen
Probes, is achievable with the WBD and RAPID IES instruments which are working on all spacecraft.
Assuming ESA continues to support Cluster operations beyond the current agreement with NASA
extending through 2014, in the current reduced funding environment for MO&DA the panel
recommends continued funding only for the U.S. Pl-led, WBD instrument in the extended mission.

Overall Grade. The Cluster extended mission proposal received the following median scores from
the Senior Review panel: 3/10 for Overall Scientific Merit and 4/10 for Value to the HSO.

3.5 HINODE

3.5.1 Overview of the Science Plan

For its second mission extension, the Hinode proposal categorizes its set of prioritized goals into
several broad areas of particular importance in solar physics. The first is understanding the structure and
stability of the magnetic atmosphere. This includes observations of the emergence of flux, the study of
polar crown filaments, and exploring the origin of the solar wind. Second, the mission will study the
storage and release of mass and energy of the corona, by looking at correlations between
chromospheric and coronal heating, characterizing properties of flare sites, isolating locations of CME
initiation, and investigating the role of field line braiding in heating. The third set of goals characterizes
energy and mass transfer from the photosphere to the corona, with particular focus on studying
dynamic plasma jets (Type Il spicules) and Alfvén wave propagation. Coordination with the Interface
Region Imaging Spectrograph (IRIS) explorer mission will be used to reveal connections, if any, between
chromospheric spicules and hotter counterparts. The physics of the spicules and how they are heated
will also be explored. As part of a fourth set of goals, the mission extension will also quantify variations
in magnetic field and irradiance with the solar cycle. This is made possible through the development of
synoptic programs, which began during the prime mission at solar minimum and are planned to
continue into the declining phase of the current solar cycle. High-resolution observations of the poles
will continue. Combining Solar Optical Telescope/Spectro-Polarimeter (SOT/SP) data with Helioseismic
and Magnetic Imager (HMI) data and improved modeling may enable the evaluation of the cycle
dependence of active region magnetic energy and helicity. Many of the key science goals were
completed during a historically low solar minimum. Much of the science in the first mission extension
focused on solar active regions, flares, and CMEs. During Extended Science Mission 2, Hinode will
observe the declining phase of the activity cycle, possibly including the largest flares of the cycle.

3.5.2 Science Strengths

Hinode provides a set of three complex imaging instruments that supply unique or, in some cases,
the highest quality solar observations compared to other elements of the HSO. The science impact from

this complex mission has been major. Recent science results from the previous extension include
characterizing and understanding the importance of small-scale magnetic fields in the quiet Sun, tracing
fields from the photosphere to the corona, understanding the role of twisted field in solar flares, and
understanding the topology of active regions and CME precursors. The Hinode mission has also provided
important tools like the nonlinear force free field (NLFFF) extrapolations that have been refined using
Hinode observations. Hinode science data have been used in 699 known refereed journal articles and in

13 June 2013



Hinode

at least 61 graduate student dissertations. The priority science goals for the next extension are realistic
and important.

3.5.3 Relevancy Strengths to the Heliophysics Research Objectives

The research is highly relevant to Heliophysics objectives as described in the most recent
Heliophysics Roadmap. Examples of the kinds of results obtained to date (and the relevant Roadmap
focus areas) include: observations of emergence of twisted magnetic flux ropes (relevant to Roadmap
area F4—creation and variability of dynamos), development of high-resolution 3D models of the
photosphere from Stokes inversions (H1—causes and evolution of solar activity), highly sheared field
and strong currents above a flare, and evidence for fast reconnection and inflow at a hot loop top (F1—
magnetic reconnection), and fountain-like jets and spicules as an important mediator of energy flux
(F2—plasma processes that accelerate and transport particles). The continued study of the high-
resolution magnetic field in the photosphere provides a lower boundary to most of our understanding of
magnetic fields throughout the solar atmosphere and continuing into the heliosphere.

3.5.4 Value to the Heliophysics Great Observatory

Hinode is a strategic and non-overlapping part of the Heliophysics Great Observatory. The high
science impact results in many ways from the high spatial and temporal resolution of the instruments
that are not duplicated by any other space- or ground-based observatory. Hinode provides several
important kinds of observations through its three main instruments. First, high spatial (0.2") and
temporal (1.6s) observations of magnetic fields are obtained through the SOT. As part of the SOT, the SP
is 10 times more sensitive than previous instruments. Second, EUV spectra of the transition region and
corona, made with the Extreme ultraviolet Imaging Spectrometer (EIS), represent the deepest solar
spectra in the relevant wavelengths. Third, full-disk X-ray observations of the highest temperature
emission in the corona and in flares are provided through the X-Ray Telescope (XRT). The XRT can
observe coronal emission from high temperature plasma, for which the Atmospheric Imaging Assembly
(AIA) on SDO is insensitive. Thus, Hinode provides the highest spatial, temporal, and temperature
resolution observations available from space.

The extended mission proposal places considerable emphasis on coordination of observations with
the IRIS small explorer mission with a planned launched in mid-2013. Hinode will provide
magnetograms, high-temperature transition region and coronal observations to complement IRIS high-
resolution chromospheric and low-temperature transition region spectra in order to carry out the study
of mass and energy flow throughout the atmosphere into the corona. In addition to IRIS, the
instruments on Hinode complement observations made with STEREO and SDO. Coordinated
observations play a major role in the prioritized science goals for the second extended mission.
Examples of these include combined SOT SP magnetic field maps, XRT and AlA images and EIS and IRIS
raster maps of emerging flux. The correlation between chromospheric and coronal heating through
waves and turbulence will be explored through combinations of SOT H-alpha images and
magnetograms, IRIS Mg h/k maps, EIS spectral scans, and XRT images of active regions. Similar synergy is
being employed to study the transfer of hot plasma from the chromosphere to the corona, and the
study of Alfvén wave propagation. Hinode is in a unique position to offer high-resolution magnetic field
measurements, the spectroscopic measurements of plasma motions in the lower boundary of the
heliosphere, and high-resolution soft X-ray imaging complementary to the AIA broadband images and
RHESSI spectra.
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3.5.5 Spacecraft / Instrument Health and Status

A number of instrument issues are noted. EIS has a growing number of warm pixels, now almost one
quarter of the total. In 2012, smudges appeared in NFl images (possibly bubbles in a static oil cavity) that
do not change when the filter is tuned and change slowly with time. As reported in the previous review,
two of six NFI blocking filters are damaged. The only non-redundant one, H-alpha, has minor damage
and still somewhat usable. The Optical Tube Assembly (OTA) primary mirror for SOT has contamination
accumulation that does not yet affect data quality. A filter wheel in the XRT cannot be switched during
eclipse season (4 months/year). In 2012, a pinhole affecting the XRT appeared. Procedures for
calibrating out the visible light contamination are underway. None of these issues is expected to provide
a major impact on the proposed extended mission goals.

3.5.6 Data Operations (accessibility, quality control, archiving)

Data accessibility appears to be excellent. The Virtual Solar Observatory (VSO) acts as the primary
data access point with the data archived at the Solar Data Analysis Center (SDAC) at NASA’s Goddard
Space Flight Center (GSFC). Uncalibrated (quick-look) data are available within hours of observations at a
variety of websites including the Solar Monitor.org. Observing requests from community users are
coordinated with team observations and synoptic observations. To date, 288 external requests have
been executed or are currently planned. Changes of the calibration and other effects of instrument
degradation are incorporated into SolarSoft software (available from the Lockheed-Martin Solar and
Astrophysics Laboratory website) and documentation.

3.5.7 Proposal Weaknesses

The Hinode mission has the second-largest budget (just below STEREO) of all Heliophysics missions
considered. Given that the overall operation of the spacecraft and some of the instrument costs are
provided by international partners, the NASA funding that covers the science operations and data
analysis for the three U.S. instrument teams appears to be unusually high. The proposal mentions that in
the last 3 years the project has lowered some costs in mission and data processing operations. The NASA
role in Chief Planner (CP) duties is substantially reduced and operations planning for instruments is
being reduced by 15-20% annually. Unfortunately, the proposal provides little, if any, description of the
tasks, and cost justifications, of the instrument teams that benefit from the bulk of the NASA funding. It
is likewise unclear how the 15-20% annual savings in instrument planning claimed is reallocated. The
extraordinary expense of the mission extension stands out when considering that the U.S. team
members share, with a variety of partners such as Japan and the U.K., only a portion of the responsibility
for, and access to, the instruments. Furthermore, the instruments have now been running successfully
since 2006 and many operations may be reasonably expected to become routine. The high cost of the
mission does not compare favorably with other missions that also offer high-quality scientific return for
considerably less money.

3.5.8 Overall Assessment and Finding

The panel recommends a second extension of the Hinode mission and recognizes the extraordinary
and unique capabilities of the three instruments on board for furthering our understanding of the Sun as
the lower boundary for the entire heliosphere. However, the project is expensive and the costs are not
sufficiently justified. Thus, the mission stands out in stark contrast to other missions that may also offer
considerable science but for much less money. Facing budget shortfalls, the panel recommends that
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NASA consider reducing the budget for this mission.

Overall Grade. The Hinode extended mission proposal received an 8/10 median panel ranking for
Overall Scientific Merit, placing its science merit in the “Compelling” category. Its Value to the HSO is
ranked Excellent with a 6/10 median value from the panel.

3.6 IBEX

3.6.1 Overview of the Science Plan

The Interstellar Boundary Explorer (IBEX) has two instruments that measure energetic neutral atoms
(ENAs). The primary focus of the mission is to measure ENAs from the outer heliosphere and use this
data to deduce information about the global structure of the heliosphere, the spectrum of energetic
particles in the outer heliosphere, and properties of local interstellar medium (LISM). In the extended
mission (EM) the IBEX team also proposes to focus on the global structure of the Earth’s magnetosphere
and its dynamic interaction with the solar wind and ENA emission from the other solar system objects.

In the prime mission phase IBEX has made a number of important discoveries related to the
structure of the outer heliosphere. A surprise was the discovery that ENAs of around 1keV peak along a
band, called the “IBEX ribbon” that seems to be defined by Bysw'R = 0, where Bysmis the draped
magnetic field of the LISM just outside of the heliopause and R is the radial direction. The ribbon
exhibits structure that varies with time. The source of the ribbon remains uncertain and is a major focus
of the EM. Peaking of the highest-energy ENAs in the polar regions where the solar wind speed is the
highest suggest that the source of ENAs is linked to the solar wind speed. Consistent with this idea, the
spectra of ENAs are harder near the poles than the equator. Because of the time delay in the
propagation of the solar wind, the present measurements correspond to solar minimum so a major goal
of the EM is to study the variation of ENAs and the structure of the global heliosphere with the phase of
the solar cycle. Further measurements of neutral H and He from the LISM will establish the direction of
the flow of the LISM.

Because the orbital radius extends out to around 50 Rg IBEX has been able to image ENA emission
from Earth’s global magnetosphere, including the magnetopause, the cusps, and the tail regions. Time
resolution is sufficient to image the dynamics of the magnetosphere during its interaction with CMEs
during solar maximum although spatial resolution is limited.

IBEX has been able to measure ENAs backscattered from the lunar surface during its interaction with
the solar wind. During the extended mission IBEX will also seek to measure scattering from comets and
cometary tails.

3.6.2 Science Strengths

The interaction of the solar wind with the interstellar medium, the primary goal of IBEX, is a priority
of NASA’s SMD and the 2012 Solar and Space Physics Decadal Survey.

Because of the presence of the Voyager spacecraft in the outer heliosphere, the EM IBEX
measurements will provide critical measurements on the global structure of the heliopshere that can be
compared with in situ Voyager measurements. The recent observations of a tilted heliotail will provide
additional information on the orientation of the LISM magnetic field. The EM will cover the period of
solar maximum and combined with the earlier data at solar minimum will complete the exploration of
the structure of the outer heliosphere over the complete solar cycle. Particularly important is to explore
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the impact of changing solar wind velocity and dynamic pressure on the distribution of ENAs in the outer
heliophere. This additional information should enable the IBEX team to pin down the source of the
ribbon and to understand the distribution and spectral shape of the globally distributed ENA flux and its
implications for understanding particle heating and acceleration in the outer heliosphere.

It is now well accepted that the ENA emission from the ribbon is related to the local interstellar
magnetic field giving an important constraint on models of the global heliosphere—despite the fact that
we do not actually know, at present, what causes the ribbon.

The new orbit devised by the IBEX team that involves the interaction with the Moon will facilitate
more accurate measurements of the direction of flow of the LISM through the measurements of neutral
H and He from the LISM. The variation of the flux of neutral H over the solar cycle will provide important
data for understanding the role of interstellar pickup particles in the dynamics of the solar wind.

Global imaging of the interaction of the Earth’s magnetosphere with the dynamic solar wind, with
resolution times on the order of minutes or less, will produce key data for benchmarking global
magnetospheric models and for assisting in the interpretation of local measurements by satellites in the
local geospace environment. Understanding the impact of solar disturbances on the geospace
environment is a top priority of NASA’s SMD and the Decadal survey.

3.6.3 Relevancy of Strengths to Heliophysics Research Objectives

IBEX has significant synergy with other heliospheric missions. In the outer heliosphere the Voyager
spacecraft are in the inner heliosheath and approaching the heliopause. The comparison with IBEX is a
unique opportunity because local measurements in the outer heliosphere will not be available for
decades at best after the Voyager mission comes to a close. The heliopause encounters by Voyager will
enable IBEX to benchmark estimates of the thickness of the inner heliosheath based on integrated fluxes
of ENAs. Enhanced activity in the heliosheath associated with the propagation of solar disruptions into
the outer heliosphere during solar maximum might be identifiable with both Voyager and IBEX.
Comparisons of the IBEX ribbon with Cassini’s Imaging-neutral Camera (INCA) measurements of a similar
band are ongoing and will continue.

Global imaging of the Earth’s magnetosphere with IBEX will produce a unique global view of how
CMEs impact the Earth space environment while existing satellites within the magnetosphere—Cluster,
THEMIS, the Two Wide-angle Imaging Neutral-atom Spectrometers (TWINS), Artemis, Van Allen
Probes—and the upcoming MMS mission produce local measurements.

3.6.4 Value to the Heliophysics System Observatory

The interaction of the solar wind with the interstellar medium, the primary goal of IBEX, is a
priority of NASA’s SMD and the 2012 Solar and Space Physics Decadal Survey. The IBEX EM will provide
data that will facilitate planning for the IMAP mission, which was identified as a priority of the 2012
Decadal Survey. The interaction of solar wind with the Earth’s magnetosphere, which controls space
weather in geospace, is also a priority of SMD and the 2012 Decadal Survey.

3.6.5 Spacecraft / Instrument Health and Status

The IBEX has two instruments that measure ENAs with energies in the range of 10eV-2keV (IBEX-LO)
and in the range of 380eV—6keV (IBEX-HI). ENAs are not deflected by magnetic fields and therefore are
able to offer global views of heliospheric structure and dynamics. The measurements, because they are
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line-of-sight integrals, complicate the interpretation and typically require a parallel modeling effort for
interpreting the results.

Both the IBEX-HI and IBEX-LOW instruments are operating normally.

3.6.6 Data Operations (accessibility, quality control, archiving)

Data from the IBEX mission are served from the SPDF, and are readily available. Many forms of
higher-level products are available, along with the original data. Data are all described in SPASE and
listed in the HDP. Overall, the IBEX archive is in good shape.

Interpretation and utilization of ENA image data is heavily dependent on analysis process so
completion of the stand-alone data package for the non-expert scientists, described in the plan, is
essential for the long-term utility of the data. The mission should be encouraged ensure that resources
are dedicated to this aspect of the project.

3.6.7 Proposal Weaknesses

A task proposed in the EM is to study the impact of merged interaction regions and global merged
interaction regions on the ENA maps, which are output over 6-month time intervals. The proposal did
not adequately address why the IBEX team expects a 6-month time cadence to be adequate to address
these issues. Did the evolving knot in the northern portion of the ribbon evolve from any known solar
disturbance?

The ENA backscatter from the interaction of the solar wind from the Moon is interesting, but the
proposal did not present enough detail to understand why this interaction, along with the study of
cometary tails, warrants the priority that was assigned to it in the EM proposal. Would the faint signals
that are likely to be measured from cometary tails be likely to significantly impact our understanding of
these objects? Such issues were not addressed in the proposal.

3.6.8 Overall Assessment and Finding

The IBEX mission, along with the Voyager spacecraft, is playing a key role in our evolving
understanding of the structure of the outer heliosphere and its dynamics. The IBEX measurements are
unique in their ability to explore the global structure of the heliosphere and its evolution over the solar
cycle. The evolution of the ribbon and the spectra of the global distribution of ENAs over the solar cycle
should help in unraveling the source of the ribbon and the spectrum of ENAs. A well-supported
modeling effort will be key element in maximizing the scientific return on the IBEX investment.

Overall the IBEX extended mission proposal is compelling and the IBEX team has been highly
productive during the PM stage of the mission. The large number of publications in top journals and the
positive press that has come out of the IBEX mission support the conclusion of the Senior Review panel
that the productivity of the IBEX science team has been high and will remain so in the EM phase.

Overall Grade. The IBEX extended mission proposal received a 7/10 median panel ranking for
Overall Scientific Merit, placing its science merit in the upper end of the Excellent category. It received
an Excellent ranking of 6/10 for Value to the HSO. The Panel recommends the continued operation of
the IBEX extended mission.
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3.7 RHESSI

3.7.1 Overview of the Science Plan

For the proposed extended mission, the RHESSI team proposes to use the existing hardware and
mission data analysis and collection systems to investigate the high-energy consequences of the
evolution of the Sun’s magnetic field and its interaction with the plasmas detected near the Sun and the
loci of high-energy events. No extensive modifications of the existing systems are requested, nor are
changes in the operational support for mission operations. Thus the mission proposal focuses on the
investigation of physical characteristics and physical properties as encountered in this phase of the
magnetic activity cycle. The team clearly anticipates utilization of new results to be a valuable
contribution to the discovery of new systems knowledge when combined with other results obtained
from the HSO.

3.7.2 Science Strengths

The twin STEREO spacecraft are providing new perspectives of the Sun and heliosphere from orbits
carrying the spacecraft from the Sun-Earth line. Having been launched as the Sun entered a deep solar
minimum, STEREO has still been able to address a large range of solar and heliospheric problems.
STEREO has been able to follow CMEs all the way from the Sun to 1 AU, where they could be sampled in-
situ, showing that in-situ properties could be anticipated in advance, with the classic three-part
structure preserved, and finding agreement with flux rope models. Heliospheric magnetic field topology
is being probed with the discovery of counter-streaming electron beams associated with corotating
interaction regions (CIRs). CIRs are further being probed by STEREO multipoint observations showing
properties vary on short time scales. STEREO is finding continuing evidence of reconnection in the solar
wind with signatures specific to reconnection at an X-line. Narrow band ion cyclotron waves have been
observed in the solar wind for the first time, finding them to be ubiquitous. These waves are a potential
source of solar wind heating energy farther out in the heliosphere. Another new and surprising result
was the observation of impulsive solar energetic particle events with a longitude spread over more than
80° at 1 AU. STEREO is now at a separation angle of 140°. STEREO will soon be providing the first-ever
complete coverage of the entire Sun. In the proposed extended mission, solar activity is expected to
increase substantially over the levels seen at solar minimum. This will allow excellent prospects to study
the two most critical science questions identified: characterizing the three-dimensional (3-D) structure
of CMEs and the production and propagation of solar energetic particles; this will be done by combining
data from the STEREO in-situ, imaging, and radio experiments. Some events will occur at longitudes that
allow significant advances to be made from the two STEREO spacecraft alone. STEREO will also provide
Solar System Space Weather benefits that Earth-based instrumentation cannot provide, will continue to
investigate ion cyclotron waves and monoenergetic ion beams in the solar wind.

3.7.3 Relevancy Strengths to Heliophysics Research Objectives

RHESSI is the first and only imaging spectrograph viewing the Sun in the X-ray/gamma-ray spectral
range. The mission has been highly productive throughout its lifetime, which has encompassed the
maximum, declining phase, and subsequent deep minimum of the previous solar cycle. Although RHESSI
is a mature mission that has observed numerous events, an extended mission would allow high-energy
imaging spectroscopy of events in the rising phase of the magnetic activity cycle, which was not covered
earlier in the mission. Hence, this extension is important for assessing the production and variability of
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seed populations for SEPs, among other scientific priorities. RHESSI is likely to produce both
breakthroughs in and new challenges to our understanding of flares, their connection to CMEs, electron
and ion acceleration mechanisms, and magnetic reconnection. Based on previous RHESSI results and
recent theoretical developments, new research directions have been proposed for the extended
mission: for example, determining why the thick-target model may not be adequate; testing recent
reconnection models for electron acceleration in flares; and evaluating the predictions of stochastic
particle acceleration models. Joint studies with missions such as Hinode, STEREO, SDO, ACE, and Wind
will focus on important issues